The effect of long-term heavy-metal contamination on soil microbial and meiofaunal communities was assessed with a view to determining whether analysis of these communities could be used for ecological assessment of contaminated sites. Thirty soil cores were taken from an industrial site formerly used for the burning of waste from an explosives factory. The predominant contaminants in the soil were a range of heavy metals, including lead, copper and zinc. The numbers of culturable bacteria (especially those grown on Pseudomonas selective media) and the microbial community response to a suite of 95 carbon sources were suppressed in samples with high heavy-metal contamination. This corresponded to a reduction in the density and evenness of the nematode communities in the samples with high metal concentrations. Conversely the bacterial counts and responses to the 95 carbon sources were greater at sites with higher and more diverse populations of nematodes. However, epifluorescence counts of bacteria and the profiles of extracted fatty acids were not consistently altered by the heavy-metal contamination. These results suggest that culturable bacteria are effective indicators of pollution in soil, and reflect the perturbations seen in other components of the soil biota. Furthermore, this is the first study to show that both meiofaunal communities and microbial communities give similar indications of the ecological impact of heavy-metal contamination in soil. ß
Introduction
The e¡ect that industrial contaminants have upon the biological components of the environment is a major concern. However, quanti¢cation of their impact is di⁄cult due to the complex and variable character of the natural environment. Recently there has been considerable discussion as to whether changes in microbial communities can be used to assess the ecological impact of pollution [1^7] as traditionally, larger organisms have been used for this purpose [6] . It is now becoming apparent that meiofaunal communities may be suitable indicators of the ecological e¡ects of perturbation [8^10] , but the methodology for their analysis is time-consuming and requires specialist taxonomic expertise [11] . Meiofauna are considered to be an advantageous group to study as they are diverse, abundant, show a wide range of tolerances to environmental stress, and interact directly with pore-water contaminants [8] . The same is true for bacteria, and thus they may also be a useful group to study for the assessment of ecological impact. This is supported by strong evidence that some microorganisms are highly sensitive to environmental contamination [4] .
In addition, analyses of meiofaunal and microbial communities might be complementary, as the organisms inhabit di¡erent micro-niches within the soil where the bioavailability of the toxicants may be di¡erent [3] . Therefore, investigating the impact of contamination on these two communities will allow more information to be gained. A previous, pilot study indicated that there was some agreement between meiofaunal and microbial approaches to ecological assessment of contaminated sites [12] . However, this work only investigated two sites and was very limited, so there is a need to analyse larger data sets to improve the interpretation and validity of results.
Studies of microbial communities in soil are becoming more common for assessing biodiversity, bioremediation potential or the impact of pollutants [13] . However, there has been little work to compare such measures against other methods for determining biological impact. Here we use a variety of approaches to examine di¡erent facets of the microbial assemblages in a polluted soil. These are compared to the meiofaunal communities to determine the relative e¡ects of metal contamination on these two di¡er-ent, but important, components of the ecosystem. Therefore, the research presented here aims, for the ¢rst time, to analyse and compare the spatial variability of the impact of heavy-metal contaminants on microbial and meiofaunal communities of a sandy soil with a full site survey consisting of 30 sampling points.
Materials and methods

Site description and sampling
Soil cores were taken in October 1998 from a coastal dune area within a former explosive manufacturing plant in Scotland, UK, where packaging and explosives were burned for over 20 years until the late 1950s. The soil was sandy with some poor uneven herbaceous vegetation, which suggested patchy distribution of the contaminants. To facilitate spatial analysis, a herringbone grid design was employed for sampling at 30 stations labelled (Fig.  1A) . In the text these are labelled #1^30 to aid the reader. Samples consisted of cores 6.5 cm in diameter and 20 cm in depth, which weighed approximately 300 g. Adjacent cores were taken for meiofaunal, microbiological and physicochemical analyses at each station. At a selection of stations (#4, #10, #11, #17 and #28) triplicate samples were taken for microbiological analysis to allow the methodological variability to be addressed. Microbiological and physicochemical samples were homogenised and frozen within 2 h and transported to the laboratory. Previous experiments had shown that freezing did not signi¢cantly a¡ect the samples [12] . Sub-samples for microbiological analysis were taken within 48 h (see below). Samples for meiofaunal analysis were stored at ambient temperature before processing (see below).
Direct microscopic counts of bacteria
Sub-samples (1 g) from each core were added to 9 ml ¢lter (0.2 Wm)-sterilised saline solution (0.85% NaCl) and 1 ml ¢lter (0.2 Wm)-sterilised formalin (37% formaldehyde). Fixed samples were then stored at 4 ‡C for up to 1 week. Soil suspensions were stained with 5-([4,6-dichlorotriazine-2-yl]amino)-£uorescein (DTAF) as described by Bloem [14] . The ¢xed soil samples were vortex-mixed for 1 min to resuspend the solid matter. After 2 min of settling to remove coarse particles, 15 Wl of the soil suspension were smeared over an area of 1 cm 2 on a glass slide and heat-¢xed. Slides were £ooded with ¢lter-sterilised stain solution (0.2 mg ml 31 DTAF in 0.05M Na 2 HPO 4 , 0.85% NaCl, pH 9.0) for 30 min. After staining, slides were washed three times with bu¡er for 20 min before rinsing in water and drying. The slides were examined by epi£uo-rescence microscopy and stained bacteria.
Plate count analysis
Further sub-samples (1 g) were taken and homogenised by vortex-mixing for 1 min in sterile saline solution (0.85% NaCl, 10 ml). Ten-fold serial dilutions were performed in sterile saline solution and 100-Wl aliquots were spread onto the following media: (1) tryptic soy broth+agar (1.2% w/v) (TSA ; Difco, UK) for total culturable counts, and (2) Pseudomonas agar base supplemented with 10 mg l 31 cetrimide, 10 mg l 31 fucidin, and 50 mg l 31 cephaloridine (PSA; Oxoid, UK) for culturable pseudomonads. Although the selectivity of these plates cannot be guaranteed it is very high, and for simplicity the term 'pseudomonads' has been used in this paper to describe colonyforming units (CFU) on PSA. Plates were incubated at 20 ‡C and counted after 5 days. Culturability values were determined by dividing the CFU on TSA by the total epi£uorescent counts and multiplying by 100%.
Community level physiological pro¢ling (CLPP)
The remainder of the soil homogenate prepared for plate count analysis (described above) was washed twice by centrifugation and resuspension in sterile saline solution (20 ml) to reduce soil nutrients and soluble metal contaminants. BIOLOG GN microtitre plates were inoculated with the homogenate (150 Wl per well) and were incubated at 20 ‡C for 5 days. The OD 590 was measured for each well after 48 h and again after 5 days. The data from the ¢nal time point were used for all analyses. The OD 590 of the control well (A1, containing no carbon source) was subtracted from the OD 590 of all other wells. These values were used for all subsequent analysis of these data. The average well colour development (AWCD) was the mean OD 590 for all 95 wells.
Community fatty acid methyl ester (C-FAME) analysis
Fatty acids were isolated from soil by a simple chloroform/methanol extraction as described previously [12] . Brie£y, fatty acids were extracted from 5 g soil in chloroform, methanol and phosphate bu¡er. Dried residues were processed according to Microbial ID (Newark, DE, USA) standard protocol for FAME analysis of bacterial cultures. The analysis was performed under the control of the Microbial Identi¢cation System software (Microbial ID). Peaks were identi¢ed by their retention time on the column and the proportion of each peak in the pro¢le was calculated from its relative area.
Meiofaunal community assessment
Soil samples for meiofaunal community analysis were processed as described previously [8, 12] . Soil cores for meiofaunal analysis were homogenised in dechlorinated water (1 l) and separated using modi¢ed Whitehead tray separators for 48 h at 20 ‡C. The meiofauna were ¢xed in formaldehyde, dehydrated at 40 ‡C under vacuum and mounted in glycerol on glass slides. Microscopic examination was used to identify individuals to genus or species level. This also allowed the trophic structure of the communities to be determined. Data were normalised to express the numbers of individuals of each species per litre of soil. Nematodes were the only group found in all samples and subsequent analysis focused on this group. The data were used to calculate nematode community evenness (JP) from Shannon's diversity index [15] .
Chemical and particle-size analysis
Particle-size pro¢les of the soil samples were determined by dry-sieving and provided percentage composition of the following size categories (Wm): s 2000, 500^2000, 2505 00, 106^250, 63^106 and 6 63 [8] . Sub-samples from the 6 63-Wm fraction were analysed by Thermo Electron IRIS inductively coupled plasma analysis to quantify the metal content. Total metal burden indices (TMBI) were calculated as described previously [8] to provide an estimation of the total metal loading for each sample. Solvent extracts of each sample were analysed by gas chromatography-mass spectrometry (GC-MS) to determine the presence of organic contaminants according to standard methods used by the site owners (R. Crawford, personal communication). Estimations were also made of the soil pH (in water) and the total organic carbon (TOC) content.
Data analysis
Contour plots were used to illustrate the spatial distribution of measurements across the site (MINITAB version 12, Coventry, UK). To simplify calculations, the contour plots were stylised by representing the site as rectangular rather than its true shape. Minimum signi¢cant di¡erences (MSD) for plate count data were calculated by the TukeyK ramer method [16] following analysis of variance (AN-OVA) of log 10 transformed data. Correlations between pairs of measurements were calculated by Pearson correlation coe⁄cient (SPSS for Windows, Chicago, IL, USA).
Relationships within CLPP and C-FAME data sets were visualised by calculation of the Euclidean distances and the generation of dendrograms using the unweighted pair group method with arithmetic averages (UPGMA; UNISTAT for Windows, London, UK). The relationships between the meiofaunal assemblages were determined using TWINSPAN [17] with six division levels selected. The signi¢cance of the di¡erences between pairs of evenness indices was determined using Hutcheson's t-test [15] .
To simplify comparisons, variables in the biological and physicochemical data sets were reduced by principal components analysis (PCA; SPSS). Values for particle-size distributions, pH, TOC and metal concentrations were combined to de¢ne soil samples in terms of physicochemical characteristics. Data for nematode community evenness and density, bacterial counts, response in CLPP, and extracted fatty acids were combined to de¢ne the samples in terms of biological properties.
Results
Chemical and particle-size analysis of soil samples
Many metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se and Zn) were found in high concentrations at the site ( Table 1 ). The distribution of these was variable but generally highest concentrations were found at the centre or the northwestern corner of the study area (Fig. 1C,D) . The distribution of TMBI provided a useful summary of the spatial distribution of all the metals investigated (Fig. 1B ). TMBI were largest in the centre of the site, where Cu, Cr and Ni were highest, but were also high in the north-western corner of the site, where As and Se were highest. The other metals displayed a more complex pattern, but were also high in the central and north-western areas of the site. GC-MS did not detect any signi¢cant organic contaminants at the site [8] . The pH of the samples varied between 5.0 (sample 6, #6) and 7.6 (#18) and TOC varied between 600 (#2) and 24500 (#23) mg kg 31 . Particle-size distributions also varied across the site but in the majority of samples the predominant size fraction was 106^250 Wm, which comprised between 9.2% (#15) and 86.8% (#29) of the soil.
Bacterial density
Microscopic counts in each sample varied between 8.31 (#3) and 8.95 (#15) log 10 cells (g soil) 31 . The MSD for this data set was 0.48 log 10 units, demonstrating that signi¢cant di¡erences only existed between the most extreme values. However, the numbers of bacteria culturable on TSA varied between 4.18 (#13) and 7.46 (#15) log 10 CFU (g soil) 31 and the MSD was 1.72 log 10 units indicating that the di¡erences between many of the samples were signi¢cant.
Culturable bacteria were expressed as a percentage of the number of bacteria counted by epi£uorescence microscopy. This culturability value (proportion of bacteria culturable on TSA) varied between 0.01% (#5 and#13) and 3.24% (#15) ( Table 2 and Fig. 1E ). Only two samples (#15 and #25) had culturability values greater than 1% whereas in 17 samples the culturability value was less than 0.1%. The numbers of pseudomonads on PSA, were more variable (MSD value, 3.55 log 10 units). In some samples (#5, #12, #13, #16, #17 #20, #22) the counts were below the detectable limit of 1.0 log 10 colonies (g soil) 31 , in others as many as 6.40 (#15) log 10 pseudomonads (g soil) 31 were detected (Table 2) . Despite the large variability between samples, some di¡erences were signi¢cant ( Table 2) . As seen with culturability values, the same two samples (#15 and #25) had signi¢cantly higher pseudomonad numbers than any other soil sample.
CLLP
Large di¡erences between the samples were observed in terms of their ability to utilise the suite of 95 carbon sources. For example, #5 only showed a positive reaction with four of the carbon sources, whereas #14, #15, #25, #28 and #29 were able to utilise over 90 carbon sources. The extent to which they were utilised (AWCD) varied between 0.01 (#5) and 1.68 (#15), (Table 2) . Cluster analysis of these data indicated two main groups (Fig. 2A) ; cluster I consisted of those samples with AWCD s 0.9 whereas samples in cluster II were below this value. The AWCD values of a sub-group within cluster II, IIa, were all less than 0.15. With the exception of sample #2, pseudomonads were not cultured from any samples in the IIa subcluster (Table 2) .
C-FAME
Sixty-six di¡erent fatty acids were identi¢ed from all samples, but individual samples had between 4 (#5) and 24 (#15) peaks. No signi¢cant di¡erences were seen in relative abundances of individual fatty acids or the ratio of monounsaturated to saturated fatty acids due to high variability. However, Fig. 2B illustrates the relationship between the fatty acid pro¢les from the soil samples based on all 66 peaks, and demonstrates that two major groups were identi¢ed (clusters III and IV). However, these groups did not correspond to the groups identi¢ed by CLPP ( Fig. 2A) or nematode community analysis (Fig.  2C) . Indeed, it appeared that there were few similarities between C-FAME analysis and the other methods used for the analysis of microbial and meiofaunal communities. Despite this, it should also be noted that sample #5 was an outlier, as it was also noted in analyses of AWCD (Table 2 ) and nematode assemblages.
Meiofaunal community assessment
All meiofaunal analyses were based on the nematode community structure, as they were the only group present in all samples. Nematode density in each sample varied from 3 (#5) to 3619 (#27) nematodes (l soil) 31 . A total of 77 di¡erent species were identi¢ed, the number of species in each sample varied between 1 (#5 and #17) and 22 (#26) and the species present were very similar to those found at this site previously [8] . Table 2 indicates the evenness (JP) of these assemblages and the signi¢cant di¡er-ences between them. Two distinct groups were identi¢ed by this approach; those samples with JP 6 0.34 and those with JP s 0.44. The distribution of these values across the site is indicated in Fig. 1G . Hutcheson's t-test revealed that the di¡erences between the evenness values were highly signi¢cant (Table 2) . TWINSPAN analysis revealed the relationships between the nematode assemblages in the soil samples (Fig. 2C) . Sample #5 was omitted from the analysis, as it was so distinct from the remainder of samples that it caused a skewing of the dendrogram. The clusters of nematode assemblages were spatially coherent and closely matched the results found in the previous survey of this site [8] . A central zone of modi¢ed, species-poor communities [8] (cluster VIII) was surrounded by closely related assemblages dominated by r-strategist species [8] (cluster VII). Clusters V and VI (Fig. 2C) represented communities with greater evenness of species (and therefore trophic structure) that were found at either end of the site and were characteristic of unstressed coastal dune communities.
Comparison of physicochemical and biological analyses
Analysis of Table 2 and the dendrograms (Fig. 2A^C ) revealed many commonalities between the biological data sets. For example, sample #5 had the lowest value for each of the four parameters shown in Table 2 and was also an outlier in the dendrograms produced for meiofaunal and Fig. 2 . Dendrograms indicating relationships between soil samples according to (A) CLPP, (B) C-FAME and (C) nematode community structures. Dendrograms (A) and (B) were calculated using the unweighted pair group method of averages of Euclidean distances between pairs of data sets of Biolog OD readings or percentage composition of fatty acids, respectively. (C) was constructed using TWINSPAN with six division levels from the nematode data. In (C), sample 5 was omitted from the analysis but has been added to the dendrogram to demonstrate that it was an outlier. See text for key to cluster labels. The sample locations are given in Fig. 1A . C-FAME data. Signi¢cant correlations (P 6 0.01) existed between all combinations of meiofaunal evenness (JP), AWCD, culturability, number of fatty acids and Log 10 PSA, except between JP and culturability (Table 3) . However, few direct signi¢cant correlations were observed between biological and physicochemical measurements of the soil samples. Exceptions to this were the negative correlations between the pseudomonad numbers and copper (R = 30.615, P 6 0.01) and lead (R = 30.529, P 6 0.01) concentrations and the negative correlation between the number of nematode species and the lead concentration (R = 30.635, P 6 0.01). Therefore PCA was used to investigate links between the data sets.
The plot of the ¢rst two components of the physicochemical data ( Fig. 3A ; comprising metal concentrations, particle-size distributions, pH and TOC values) revealed that samples were split into two main groups along principal component (PC)1, with sample #5 separated from the remainder of the samples along PC2. PC1 was positively correlated with the concentrations of Cr, Cu, Pb, Zn and the 500^2000-, 63^106-and 6 63-Wm size fractions (Table 4) . PC1 was also negatively correlated with the 106^250-Wm size fraction (Table 4) . PC2 was negatively correlated with As and Se concentrations (Table 4) , which indicated that sample #5 had higher concentrations of these metals.
For the biological data (Fig. 3B) , PC1 was positively correlated with pseudomonad numbers, meiofaunal evenness and colour development in CLPP (Table 4 ). The second component (PC2) was not strongly correlated with any variable but was a composite of all data. However, the highest correlation with PC2 was for the percentage of culturable bacteria (0.696, P 6 0.005; Table 4 ). It was apparent that the samples at the top right of the diagram (#14, #15 and #25) were distinct from the remainder.
Using the new, uncorrelated variables generated by PCA it was found that PC1 of the physicochemical data correlated negatively with PC1 (P 6 0.01) and positively with PC2 (P 6 0.05) of the biological data (Table 4) indicating that the physicochemical and biological data sets are interrelated. There were no correlations between PC2 of the physicochemical data and any of the biological data.
Further examination of the data revealed that individual biological parameters correlated with the PCs of the physicochemical data and vice versa. For example, pseudomo- nad numbers and meiofaunal evenness correlated negatively (P 6 0.01) with PC1 of the physicochemical data (Table 4) , which indicated that certain elements of the biological system were particularly sensitive to the alterations in soil physicochemical characteristics. In addition, negative correlations (P 6 0.01) were observed between PC1 of the biological data and Cu, Cr, Pb and Zn concentrations ( Table 4 ) which suggested that the major in£uence on soil biology was exerted by high concentrations of some metals.
Discussion
This in-depth investigation revealed the spatial variability of the impact of industrial heavy-metal contamination on various biological components of sandy soil. It builds on the previous pilot study at this site [12] by describing the interactions between the biological and physicochemical parameters in considerably more detail. This was achieved by examination of a greater number of samples, which allowed the use of multivariate statistical analysis to help interpret the data. Despite di¡erent metals having di¡erent distributions (Fig. 1C,D) , the overall e¡ects of the contamination were greatest at the centre of the site and in sample #5 ( Table 2 , Fig. 1E^G ). This pattern was temporally stable, as it had been observed 2 years previously when the meiofaunal communities from the same site were examined in detail [8] , despite the fact that the sampling grid for the current study was o¡set from that used previously.
Both bacterial and nematode communities were sensitive to increasing concentrations of metals in the samples, as indicated by the correlations between PCs and between the PCs and measured parameters (Table 4) . It appeared that Cu, Cr, Pb and Zn are responsible for the majority of the observed biological di¡erences and therefore may be described as ecologically important contaminants. The measurement of biological properties overcame complications associated with bioavailability, speciation and other interactions of the metals when measuring concentrations by chemical means. The fact that few correlations were observed between the concentrations of individual metals and the individual biological parameters suggests that combinations of metals may a¡ect their overall toxicity in an additive or synergistic manner [18] . However, despite variation between di¡erent biological measurements it was apparent that culture-dependent microbiology was the most discriminatory approach. An explanation for this may lie in current theories that culturable bacteria are the ecologically active portion of the soil bacterial community [19, 20] . If these theories are correct, it follows that culturable bacteria will be most a¡ected by contamination events. In this study, heavy-metal contamination led to a reduction in the proportion of bacteria that could be cultured. One explanation is that that metal toxicity in our samples resulted in the reduction of cellular activity, which led to the inability to replicate under laboratory condi- tions. Other studies have also suggested that the greatest impact of metal contamination was seen in the culturable portion of the bacterial community [21, 22] and suggests that culturability may be a useful indicator of chronic perturbation of the ecosystem.
These values were re£ected in the community responses to CLPP, which were dominated by the active cells in the samples [23] . Colour development was severely suppressed in some samples and corroborates other work that demonstrated reduced AWCD in metal-amended samples [12, 24, 25] . The high correlation coe⁄cient (0.724, P 6 0.0005) between AWCD and CFU on TSA indicated the link between culturable bacteria and CLPP. However, it was salient that the correlation with the pseudomonad numbers was higher (0.844, P 6 0.0005) than to CFU on TSA, as it has been shown that the wells of Biolog plates are often dominated by copiotrophic Q-Proteobacteria [26] .
C-FAME and epi£uorescence bacterial counts appeared to reveal di¡erent information about the soil samples than the culture-based methods listed above. In contrast to the other methods, C-FAME and epi£uorescence counts determined gross di¡erences in the community structure and size, respectively. C-FAME will include fatty acids from sources other than bacteria and also from bacteria that are counted microscopically but do not respond to laboratory culture. Given that the majority of changes are seen in the culturable portion of the bacterial community it was not surprising that C-FAME and epi£uorescence counts were not sensitive enough to determine the impact of the contaminants. In previous studies, the e¡ect of heavy metals on soil fatty acid pro¢les was not consistent [27, 28] and the results here substantiate that observation.
Nematode communities were also sensitive to di¡erences in heavy-metal loading in sandy soil samples. As before [8] , the central regions of the site that had the highest metal loadings were dominated by tolerant non-selective species. Of particular interest is the fact that the lowest numbers of microbivores (selective type 1A feeders) were found in the samples with undetectable pseudomonads (#5, #12, #13, #16, #17, #20 and #22). As it has been previously stated that nematodes can be used to indicate the availability of prey populations [4] , there may be a direct ecological link between the nematode and bacterial communities. However, as very little is known about the relationship between meiofauna and microorganisms [29] , further work is required to con¢rm this.
This study demonstrated that the ecological impact of heavy-metal contamination was observed at di¡erent ecosystem levels ( Table 3 ). The contamination resulted in a reduction in both the density and diversity of the nematode community in soil. We also demonstrated that the proportion of culturable bacteria in a given sample might be a useful indicator for use in ecological risk assessment. This study showed that both bacterial and meiofaunal analyses can indicate the same overall conclusions about the impact of contaminants on soil biota. In addition, the e¡ect that these alterations in bacterial and nematode responses have on ecosystem functions needs to be addressed so that the results can be perceived from an ecological standpoint. For example, it will be necessary to prove that microbial and meiofaunal processes, such as decomposition and mineral cycling, are vital for e¡ective ecosystem functioning and recovery of polluted soils. However, at this stage, the understanding of the ecological function of soil organisms is not su⁄cient to con¢rm such a hypothesis [6, 30, 31] .
Providing that an appropriate parameter is measured, community analysis will be a useful indicator of the ecological impact of contamination, irrespective of the type of community examined. We have demonstrated that if impact were observed in one component of the ecosystem, it would be likely that the impact would be re£ected in other components. This study has shown that reductions in the density and evenness of nematode assemblages are concomitant with the reduction of the response of soil bacteria, when assessed by cultural techniques. Thus, there are many interactions within a given ecosystem that dictate its vitality, and individual components can be used to indicate the 'health' of the entire ecosystem, and thus the ecological impact of contamination.
